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NOMENCLATURE
 CD	 	 Drag	coefficient
 Cp	 	 Specific	heat	capacity	at	constant	pressure
 ht	 	 Total	specific	enthalpy
 Main		 Inflow	Mach	number
 p	 	 Static	pressure
 r	 	 Radial	distance
 R	 	 Characteristic	gas	constant
  S		 	 Surface	area
 T	 	 Absolute	temperature
 V  Velocity	vector
Greek Symbols
 α	  Nose	angle
 β	  Tail	angle






Studying	 the	 aerodynamic	 characteristics	 of	 projectile	
is	most	 important	 task	 in	designing	 the	projectile.	The	study	
reveals	 the	 individual	 role	 played	 by	 important	 parameters	
which	must	be	considered	while	designing	a	projectile.	One	of	
the	most	important	parameters	is	the	prediction	of	drag	which	
depends	 on	 the	 drag	 coefficient.	 The	 drag	 of	 the	 projectile	







forces	 and	 the	 other	 resulting	 due	 to	 pressure	 forces4.	 The	
pressure	drag	is	created	by	the	normal	forces	to	the	boundary	





transonic,	 and	 supersonic	 flow	 regimes.	 The	 interaction	 of	









been	 studied	 by	 many	 investigators7–11.	 Chand	 and	 Panda12 
studied	 the	 projectile	 trajectory	 using	 simplified	 point	 mass	
approach	which	considered	only	the	drag	force	and	the	gravity	
force.	They	have	shown	that	even	with	the	simplified	approach,	
the	 predicted	 range,	 time	 of	 flight	 range,	 and	 the	 deviation	
were	within	7	per	cent	of	the	experimental	results	which	they	
acquired	 using	 Doppler	 radar.	 Dutta13, et al.	 proposed	 two	
methods	to	extract	the	drag	coefficient	from	the	radar-tracked	
flight	data	of	a	cargo	shell.	The	effect	of	perturbation	on	 the	
trajectory	 and	 stability	 of	 motion	 of	 an	 FSAPDS	 projectile	
was	studied	by	Acharya	and	Naik14.	Watanabe8, et al.	studied	
the	 one-dimensional	 projectile	 overtaking	 problem.	 They	
concluded	that	the	possible	overtaking	can	be	either	subsonic	
or	 supersonic.	Ahmadikia	and	Shirani15	 studied	 the	 transonic	
and	supersonic	over-taking	of	a	projectile	preceding	a	shock	
wave.	 They	 found	 that	 as	 the	 projectile	 passes	 through	 the	
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moving	 shock	 wave,	 it	 changes	 the	 flow-field	 features	 and	
pressure	 distribution	 dramatically.	 The	 drag	 force	 decreases	
and	 even	 becomes	 negative	 while	 the	 projectile	 takesover	
the	 shock	wave.	 It	 should	 be	 noted	 that	 unsteady	 flow-field	








flow	 regimes.	The	emphasis	 is	 also	placed	on	predicting	 the	
drag	 coefficient	 for	 the	 three	 flow	 regimes	 for	 a	 rounded	
tail	 projectile.	 For	 the	 same	 purpose,	 a	 two-dimensional	
axisymmetric	 model	 around	 the	 projectile	 has	 been	 solved	

















    
2t p
V
h C T= + 																														 	 								(3)
where	 ht represents	 total	 enthalpy	 per	 unit	 mass,	 Cp is	 the	
specific	 heat	 capacity	 at	 constant	 pressure,	 and	 T is	 the	
absolute	temperature.	For	the	entire	study,	Eqn.	(3)	is	solved	















and	 the	 downstream	 distances	 of	 the	 computational	 domain	
are	taken	equal	to	3	m	and	15	m,	respectively	while	the	radial	
distance	is	taken	equal	to	8	m.	The	above-mentioned	distances	





terms	 (the	 term	 arising	 due	 to	 pressure	 correction	 equation)	
Figure  2. A typical computational domain and  grid density 
near the projectile (a) A typical grid, and (b) Grid 
density near the projectile.
Figure 1.  Geometry of the projectile.




( )div     0ρ =V 																																		 	 							(1)
div( )   div( )i iu pρ =−V i   																							 	 							(2)
where ρ is	the	density,	V is	the	velocity	vector,	p is	the	static	
pressure.	The	momentum	equation	is	written	in	index	notation;	
ii is	the	unit	vector	along	the	i th	direction.














For	 numerical	 solution,	 the	 computational	 domain	 is	
divided	into	a	number	of	smaller	sub-domains,	called	as	control	
volumes	 (CVs).	A	 typical	 non-orthogonal	 control	 volume	 is	
shown	in	Fig.	3.	The	normal	vector	to	each	control	volume	face	
is	represented	by	bold-italic	letter	n.	All	the	primitive	variables	
and	 all	 the	 fluid	 properties	 are	 stored	 at	 the	 control	 volume	
centres,	represented	by	P,	E,	W,	N,	and	S.	





















( ) ( )* ' * 'corre n n ee em v v S= ρ +ρ + 																				 						(10)
where ρ′	 and	 vn′ represent	 the	 density	 and	 normal	 velocity	
corrections,	 respectively.	 The	 mass	 flux	 correction	 is	 thus	
given	by:
( ) ( ) ( )' * ' ' ' 'e n n ne em v S v S v S= ρ + ρ + ρ
																 						(11)
The	last	term	is	usually	neglected	because	it	is	of	second	
order	 in	 corrections.	 The	 first	 term	 on	 the	 right	 hand	 side	
accounts	for	the	velocity	correction,	the	expression	for	which,	
in	terms	of	pressure	corrections,	can	be	easily	found	out	using	

















not	 affect	 the	 converged	 solution	because	 all	 the	 corrections	




The	 accuracy	 of	 the	 numerical	 method	 depends	 on	
the	 order	 of	 the	 discretisation	 scheme	 used	 for	 the	 different	
components	 appearing	 in	 the	 governing	 equations	 and	 the	
type	and	number	of	control	volumes	used	 for	 the	simulation	
as	 well.	 Hence,	 it	 becomes	 extremely	 important	 to	 do	 grid-






Figure  3. A typical non-orthogonal control volume with its 
neighboring elements. 
It	is	to	be	noted	that	the	current	study	uses	coordinate	free	
governing	 equations	 which	 do	 not	 depend	 on	 the	 curvature	









m ndS n S= ρν ⋅ ≈ ρν ⋅∫ 																							 								(5)
where	unit	normal	vector	at	the	east	face	is	defined	as
( ) ( )n i - j i+ je e ne se e ne se e x yS y y r x x r S S= − − = 		 				(6)
Now,	mass	flux	is	given	by:
     (  )   (  )   e e x x y y e e n em S u S u v=ρ + = ρ               (7)
where	 vn is	 the	 normal	 velocity	 component	 at	 the	 east	 face.	
Therefore,	 convective	 flux	 of	 any	 variable	 φ can	 now	 be	
expressed	as





F v ndS m= ρϕ ϕ∫                                (8)
Similarly,	 the	convective	flux	at	 the	other	CV	faces	can	
be	found	out.
After	 summing	 up	 contribution	 from	 all	 the	 convective	
fluxes	and	the	source	terms,	the	discretised	equation	for	φ	has	
the	following	form:
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2.5 Code Validation
The	 present	 numerical	 code	 is	 validated	 against	 the	



















3. RESULTS AND DISCUSSION
The	 two-dimensional	 axisymmetrical	 Euler’s	 equations	
along	with	 the	 energy	equation	 for	 inviscid	fluid	 are	 solved.	
The	 input	 parameters,	which	 are	 kept	 constant	 for	whole	 of	
the	 simulations,	 are	 listed	 in	 Table	 1.	 The	 drag	 coefficient	
and	 the	 flow	 pattern	 are	 obtained	 for	 all	 the	 compressible	
flow	 regimes:	 subsonic,	 transonic,	 and	 supersonic.	 For	 this	
purpose,	 the	 uniform	 inlet	 flow	velocity	 is	 chosen	 in	 such	 a	
manner	as	 to	have	an	 inflow	Mach	numbers	of	0.5,	0.9,	and	
1.5	which	correspond	to	the	three	flow	regimes,	respectively.	
In	 the	 following	 pressure	 variation	 plots,	 the	 surrounding	
atmospheric	pressure	is	shown	by	a	dashed	line	which	is	equal	
to	105	N/m2.
3.1 Subsonic Flow Regime: Ma=0.5
Figure	 7	 represents	 the	 isomach	 lines	 and	 the	 Mach	
number	 and	 pressure	 distribution	 along	 the	 axis	 and	 the	
Figure  4.  Grid-independency test.
Figure  5. Pressure and  isentropic Mach number variations 
along  the channel wall : (a) Pressure variation, and 
(b) Isentropic Mach number variations.
ρ
∞	
 1.2	kg/m3 γ   1.4;	ratio	of	specific	heats
Cp     1005	J/kg	
OC    R    287	J/kg	OC
p
∞	
 105	N/m2    c
∞
   340.17	m/s
Table 1. Values of the input parameters





















































till	 the	 tail	end.	This	 is	 the	point	 in	 the	entire	domain	which	
experiences	 the	maximum	 resistance;	 as	 a	 consequence,	 the	
Mach	number	 is	 smallest	at	 this	point.	The	Mach	number	at	
the	 outlet	 is	 equal	 to	 the	 inflow	Mach	number,	which	 is	 the 
characteristics	of	a	subsonic	flow16,19,20.




















Mach	number,	Main =	1.5.	This	condition	corresponds	 to	 the	
Figure 7. Mach number contours: (a) Mach number profiles, 
(b) pressure variation, (c) along the projectile, and 
the axis for subsonic inviscid flow.
Figure 8. Mach number contours: (a) Mach number profiles, 
(b) pressure variation, (c) along the projectile, and 













































number	 and	 pressure	 distribution	 along	 the	 axis	 and	 the	
projectile	surface.	This	case	shows	entirely	different	patterns	






Another	 shock	 wave	 can	 also	 be	 noticed	 near	 the	 trailing	
edge	of	the	projectile.	It	is	interesting	to	observe	that	the	flow	
decelerates	between	sections	A	and	B,	as	opposed	to	previous	






Figure	 10	 shows	 the	 vector	 plot	 near	 the	 base	 of	 the	
projectile	 for	 the	 three	 cases.	 It	 can	 be	 noticed	 that	 the	
expansion	waves	are	absent	for	the	case	of	subsonic	flow	(Fig.	
10	 (a)).	When	 the	 inflow	Mach	 number	 is	 increased	 to	 0.9,	
the	 intensity	of	flow	 increased	around	 the	base	 significantly;	
while	 this	 increase	 is	 only	 10	 per	 cent	 for	 subsonic	 case,	 it	




of	 base	 for	 boat	 tail	 projectiles,	 and	 (ii)	 the	 assumption	 of	
flow	tangency	at	the	projectile	surface.	However,	it	should	be	








of	 drag	 for	 the	 three	 flow	 regimes:	 subsonic,	 transonic,	 and	
supersonic.
Figure 9. Mach number contours : (a) Mach number profiles, 
(b) pressure variation, (c) along the projectile and 
the axis.
Figure 10. Vector plot near the base of the projectile : (a) Main= 























































attributed	 to	 the	 smooth	 base	 profile	 of	 the	 projectile	 as	 the	
drag	coefficient	largely	depends	on	the	base	profile.	Also,	it	has	



















10.	 Schmidt,	 E.	 &	 Shear,	 D.	 Optical	 measurements	 of	
muzzle	blasts. AIAA Journal,	1975,	13,	1086–1096.	doi:	
10.2514/3.60506
11.		 Merlen,	 A.	 &	 Dyment,	 A.	 Similarity	 and	 asymptotic	
analysis	 for	 gun	 firing	 aerodynamics.	 J. Fluid Mech., 
1991,	225,	497–502.	doi:	10.1017/S0022112091002148
12.	 Chand,	 K.K.	 &	 Panda,	 H.S.	 Mathematical	 Model	 to	
Simulate	the	Trajectory	Elements	of	an	Artillery	Projectile	
Proof	Shot.	Def. Sci. J.,	2007,	57(1),	139–148.
13.	 Dutta,	 G.G.;	 Singhal,	 A.;	 Kushari,	 A.	 &	 Ghosh,	 A.K.	





15.	 Ahmadikia,	 H.	&	 Shirani,	 E.	 Transonic	 and	 supersonic	
overtaking	of	a	projectile	preceding	a	shock	wave.	Iranian 
Aerospace Society,	2005,	2(4),	45–53.
16.	 Demirdzic,	 I.;	lilek,	Z.	&	Peric,	M.	A	 collocated	finite	
volume	method	for	predicting	flows	at	all	speeds.	Int. J. 
Numerical Methods Fluids,	 1993,	 16,	 1029–1050.	 doi:	
10.1002/fld.1650161202
17.	 Patankar,	 S.V.	 Numerical	 heat	 transfer	 and	 fluid	 flow.	
Hemisphere	Publishing,	Washington	DC,	1980.
18.	 Mason,	M.l.;	Putnam,	l.E.	&	Re,	R.J.	The	effect	of	throat	
contouring	 on	 two-dimensional	 converging-diverging	
nozzle	at	static	conditions.	Technical	Paper	1704,	NASA,	
1980.
19.	 Karki,	 K.	 &	 Patankar,	 S.V.	 Pressure	 based	 calculation	
procedure	 for	 viscous	 flows	 at	 all	 speeds	 in	 arbitrary	
configurations.	AIAA Journal,	 1989,	 27(9),	 1167–1174.	
doi:	10.2514/3.10242




dynamics	of	supersonic	projectiles. J. Space. Roc.,	2013,	
50(6),	1150-1161.	doi:	10.2514/1.a32466
22.	 Suliman,	 M.A.;	 Mahmoud,	 O.K.;	 Sanabawy,	 M.	 A.	 &	
Hamid,	 O.E.	 Computational	 investigation	 of	 base	 drag	
reduction	 for	 a	 projectile	 at	 different	 flight	 regimes.	 In 












transonic	 cases	while	 the	 variation	 changes	 significantly	 for	




1.	 Carlucci,	 D.E.	 &	 Jacobson,	 S.S.	 Ballistics	 theory	 and	
design	of	gun	ammunition.	CRC	Press,	New	York,	2008.
2.	 Moss,	 G.M.;	 leeming,	 D.W.	 &	 Farrar,	 C.l.,	 Military	
ballistics	:	A	basic	manual.	Technical	Report	1,	Brassey’s	
ltd.,	UK.
3.		 Anderson,	 J.D.	 (Jr).	 Fundamentals	 of	 aerodynamics.	
McGraw-Hill	Companies,	New	York,	NY,	2010.
4.	 Sahu,	 J.	Drag	prediction	 for	projectiles	at	 transonic	and	
supersonic	speeds.	Technical	Report.	US	Army	Ballistic	





6.		 Sun,	M.	&	Takakura,	K.	The	 formation	 of	 a	 secondary	
Main 0.5						 0.9						 1.5
CD 0.018		 0.089		 0.395
Table 2. Value of CD for subsonic, transonic, and supersonic 
cases




in	 the	 Deptt.	 of	 Mechanical	 Engineering	
at	 the	 National	 Institute	 of	 Technology	
Rourkela,	India.	He	received	his	MTech	and	
PhD	in	Mechanical	Engineering	from	Indian	





articles	 in	 the	 journals	 and	 conference	 proceedings.	




research	 areas	 includes	 :	 Experimental	
ballistics,	 computational	 fluid	 dynamics,	
spectral	methods	for	scientific	computing,	
microchannel	 flows	 in	 MEMS	 devices.	
Currently	he	is	involved	in	high-speed	flow	
visualisation	 and	 analysis	 and	 experimental	 impact	 dynamics	
studies.	 He	 is	 a	 Member	 of	 ADMB	 Panel	 under	 Armament	
Research	 Board.	
Mr Tapan Kumar Biswal is	 currently	
working	as	a	scientist	at	Proof	&	Experimental	
Establishment,	Chandipur.	He	has	30	years	
of	 experience	 in	 the	 domain	 of	 high-
speed	imaging	and	photonics.	His	research	
interests	 include	 high-speed	 imaging	 and	
sensors.
Mr R. Appavuraj did	his BE	(Aeronautical	
Engineering)	 from	 Madras	 Insti tute	





state-of-the-art	 Range	 Safety	 Simulation	
Model	using	soft	computing	techniques	at	
ITR.	He	has	published	30	conference	papers	and	 five	 research	
papers.	He	 is	 recepient	of	‘DRDO Scientist of the Year Award’	
in	2012	 for	 his	 contribution	 towards	development	of	 real-time	
flight	 safety	 expert	 system.
